We analyze scaling relations and evolution histories of galaxy sizes in TNG100, part of the IllustrisTNG simulation suite. Observational qualitative trends of size with stellar mass, starformation rate and redshift are reproduced, and a quantitative comparison of projected r-band sizes at 0 z 2 shows agreement to much better than 0.25 dex. We follow populations of z = 0 galaxies with a range of masses backwards in time along their main progenitor branches, distinguishing between main-sequence and quenched galaxies. Our main findings are as follows. (i) At M * ,z=0 10 9.5 M , the evolution of the median main progenitor differs, with quenched galaxies hardly growing in median size before quenching, whereas main-sequence galaxies grow their median size continuously, thus opening a gap from the progenitors of quenched galaxies. This is partly because the main-sequence high-redshift progenitors of quenched z = 0 galaxies are drawn from the lower end of the size distribution of the overall population of main-sequence high-redshift galaxies. (ii) Quenched galaxies with M * ,z=0 10 9.5 M experience a steep size growth on the size-mass plane after their quenching time, but with the exception of galaxies with M * ,z=0 10 11 M , the size growth after quenching is small in absolute terms, such that most of the size (and mass) growth of quenched galaxies (and its variation among them) occurs while they are still on the main-sequence. After they become quenched, the size growth rate of quenched galaxies as a function of time, as opposed to versus mass, is similar to that of main-sequence galaxies. Hence, the size gap is retained down to z = 0.
INTRODUCTION
The size of any particular galaxy reflects various physical processes in its evolutionary history that play a fundamental role in galaxy formation. First, galaxy size is believed to be related to the angular momentum content of the galaxy (Mo et al. 1998) , which is obtained on large scales from cosmological tidal torques (Fall 1983) and further affected by various dynamical processes in the nonlinear regime (DeFelippis et al. 2017) . Second, galaxy mergers af- E-mail: shygenelastro@gmail.com fect galaxy size by scrambling stellar orbits, depositing accreted mass and triggering new star-formation. For example, dry minor mergers are believed to increase galaxy size by building an outer envelope (Naab et al. 2009 ), wet mergers to trigger a compact starburst (Hernquist 1989) , and gas-rich mergers may also contribute to further star-formation in a large post-merger disc (Robertson et al. 2006) . Third, gravitational instabilities inside galaxies themselves may lead to changes in size, as mass flows towards the galaxy center (Efstathiou et al. 1982; Dekel & Burkert 2014) . Conversely, the size of a galaxy can affect other aspects of its further evolution. For example, compact galaxies may be prone to quenching either by enhancing the Toomre (1964) stability of the disc (Martig et al. 2009 ), or by harboring a particularly powerful AGN at their centers (Rangel et al. 2014) . Smaller star-forming galaxies have higher surface densities than larger ones, possibly promoting more vigorous galactic winds that affect the further activity of the galaxy (Murray et al. 2011) .
Galaxy size is a basic observational property that is found to significantly vary with galaxy mass, color or star-formation activity, and redshift (Shen et al. 2003; Ferguson et al. 2004; Trujillo et al. 2006; Elmegreen et al. 2007; Williams et al. 2010; Mosleh et al. 2012; Ono et al. 2013; van der Wel et al. 2014; Lange et al. 2015) . These dependencies encode important information on the formation processes of galaxies of different types. It has generally been found that: (i) more massive galaxies tend to be larger, (ii) late-type/star-forming galaxies are larger than early-type/quenched ones, and (iii) galaxies are smaller at higher redshifts, more so for high-mass than for low-mass galaxies, as well as more so for quenched than for star-forming galaxies
1 . There appears to be an intimate relation between star-formation activity and size, in that most star-formation occurs within a narrow ( 0.3 dex) size range (at a given stellar mass and redshift), and there exists a threshold in central density beyond which galaxies are quenched Franx et al. 2008; van Dokkum et al. 2015; Bluck et al. 2016; Whitaker et al. 2017; Mosleh et al. 2017) .
However, systematics have plagued attempts to derive a fully self-consistent observational picture. Such systematics include definitions of galaxy masses and sizes (Dutton et al. 2011) , background subtraction (He et al. 2013) , light fitting procedures (Stott et al. 2011; Mosleh et al. 2013; Bernardi et al. 2014) , wavelength dependence (Kelvin et al. 2012; Bond et al. 2014; van der Wel et al. 2014) , selection effects (Law et al. 2012; Mosleh et al. 2013) , and possibly cosmic variance. In this work we make an attempt to minimize systematics when comparing our simulation results to observations, but we stop short of full forward modeling of the simulation to match the parameters of particular observational studies. Regardless, it is advisable to keep in mind that systematic uncertainties due to the factors described above still play a role in the comparison between different observations as well as between observations and theoretical models.
On the theoretical side, the simplest idea is that galaxy size is proportional to halo virial radius, as a result of conservation of angular momentum during collapse and cooling (Mo et al. 1998) . Indeed, such a linear relation was inferred using abundance matching, with a proportionality ratio of ≈ 0.015 between galaxy halfmass radius and halo virial radius, over eight orders of magnitude in galaxy mass at z = 0 (Kravtsov 2013). Somerville et al. (2017) recently extended this kind of analysis up to z ∼ 3 and found proportionality ratios ∼ 2 − 3 times larger, with some variation with mass and redshift. Huang et al. (2017) reproduced the Kravtsov (2013) result for early-type galaxies (also up to z ∼ 3) but found an approximately twice larger proportionality value for late-type galaxies. A model like this may account for the scatter in galaxy sizes at a given stellar mass (Somerville et al. 2017) and for the stronger size dependence on redshift that is displayed by highermass galaxies (Stringer et al. 2014) . The non-negligible variations of the proportionality factor with mass and redshift, however, require an explanation, as does the difference between late-type and early-type galaxies (considering halo spin, for example, can at most partly account for this difference; Romanowsky & Fall 2012) . Such explanations need to consider the specific physical processes that control the mass and size evolution of galaxies over time.
Disc galaxies are usually considered to be growing inside-out by continuous star-formation that is fed by accretion from outside the galaxy (Pichon et al. 2011; Bird et al. 2013) , and indeed the effective sizes of the star-forming parts of disc galaxies are observed to be typically larger than the effective sizes of the existing stars (Nelson et al. 2012) . If in addition to the approximate angular momentum conservation of this accreted gas, one also takes into account the inner structure of dark matter halos (due either to 'plain' ΛCDM halo concentrations or potentially also to adiabatic responses to baryons, which are stronger at later times), it is possible to reproduce the observed weaker time evolution of the sizes of disc galaxies as compared to the virial radii of halos (Somerville et al. 2008; Firmani & Avila-Reese 2009; Dutton et al. 2011) . Recent attention has however been given to the possibility that highredshift disc galaxies may sometimes significantly shrink in size due to gravitational instabilities (Zolotov et al. 2015) .
For early-type galaxies, the size evolution is usually interpreted using different considerations. The typical size of galaxies with any given selection criteria (and in particular, quenched galaxies in a given mass bin) will evolve with time due to two factors: i) the size evolution of individual galaxies that correspond to the selection, and ii) the transition of galaxies into and outside of the selection. A particular scenario within this context that is extensively debated in the literature is 'progenitor bias', according to which the time evolution of the typical size of quenched galaxies is driven by the appearance of new, large quenched galaxies as a result of the ongoing quenching of (large) star-forming galaxies (Carollo et al. 2013; Cassata et al. 2013; Krogager et al. 2014; Bruce et al. 2014) . Other studies concluded however that 'progenitor bias' is sub-dominant compared to the size growth of individual galaxies (Hopkins et al. 2010; Bernardi et al. 2011; Trujillo et al. 2011; Huang et al. 2013) . Such individual size growth has most commonly been attributed to (in particular, minor) mergers (Naab et al. 2009; Oser et al. 2012; Oogi & Habe 2013 ; but see Nipoti et al. 2012) , however also expansion due to mass loss has been suggested (driven by feedback as well as stellar evolution; Fan et al. 2008 Fan et al. , 2010 van Dokkum et al. 2014) .
In their toy model, van Dokkum et al. (2015) assume that galaxies, as a population, evolve in parallel tracks defined by r ∝ M 0.3 as long as they are star-forming, even if individual galaxies may undergo periods of stronger growth or even a decrease in size. Once galaxies reach a certain (redshift-dependent) central density (or velocity dispersion), they quench, and from then on evolve on a steeper track on the size-mass plane, r ∝ M 2 . van Dokkum et al. (2015) found that this model can approximately explain the evolution of the observed distribution of quenched and star-forming galaxies on the size-mass plane between z ≈ 3 to z ≈ 1.5, although some tensions remain.
While analytical considerations and toy models like the ones discussed above have a paramount role in developing our understanding, our ultimate goal is to explain galaxy sizes within a full galaxy formation model in a cosmological context. Semi-analytical models based on ΛCDM merger trees, as well as cosmological hydrodynamical simulations, include a wide variety of physical processes relevant for galaxy formation and their non-linear interactions, and nowadays can produce semi-realistic galaxy populations. Importantly, they also allow one to directly follow the evolution of individual galaxies and their sizes over cosmic time. Studies of galaxy sizes using these models are, however, still scant.
Specifically, investigations using hydrodynamical simulations, which as opposed to semi-analytical models make no assumptions about galaxy sizes and have no parameters that control them explicitly, have considered sizes only in limited regimes. For example, they focused on a single redshift (Sales et al. 2010; McCarthy et al. 2012 ) or a particular mass and size selection (Wellons et al. 2015 (Wellons et al. , 2016 , or used a small number of zoomed-in halos (Joung et al. 2009; Oser et al. 2012; Brook et al. 2012) , where only the evolution of individual systems can be probed, but not statistics of populations for different cosmic epochs. Also, most have not separated galaxies of different types, and usually included minimal exploration of how and why the relations emerge. Notable exceptions to this last point are Brooks et al. (2011) , who found that individual simulated disc galaxies grow along the size-mass relation such that the relation hardly evolves with time; Oser et al. (2012) , who explicitly showed the contribution of dry mergers to size growth; and Dubois et al. (2013) , who showed that massive galaxies are significantly larger in zoom-in simulations that include AGN feedback than in those that do not.
Recently, several studies addressed the sizes of the galaxy populations in the EAGLE cosmological simulations (Schaye et al. 2015) . Crain et al. (2015) found that galaxy sizes can serve as important constraints on feedback models, Ferrero et al. (2017) showed that realistic sizes and their evolution are crucial for reproducing the Tully-Fisher relation and its evolution, and Desmond et al. (2016) found that galaxy sizes depend very weakly on halo properties, at a given stellar mass. Furlong et al. (2017) , separating active and quenched galaxies, found a good match between the sizes of EAGLE galaxies and observed ones. Individual starforming galaxies were followed backwards in time and found to grow roughly on the observed relation, but the progenitors of individual quenched galaxies were found to evolve much more slowly, except for the most massive ones. Compact quenched galaxies at high-redshift disappear with time in EAGLE, growing by a combination of outward stellar migration, mergers, and subsequent starformation.
Galaxies with M * 10 11 M in the original Illustris simulation (Vogelsberger et al. 2014a,b; Genel et al. 2014 ) are larger than observed galaxies by roughly a factor of 2 Bottrell et al. 2017; Furlong et al. 2017) . Although galaxy size evolution was studied using that simulation in certain regimes (Wellons et al. 2015 (Wellons et al. , 2016 , this offset precluded a reliable study of the size evolution of galaxies as a whole. Here we explore the size evolution of galaxies and relations between size, mass, and star-formation activity in the recently completed TNG100 simulation, which is part of the IllustrisTNG suite 2 (Springel et al. 2017; Pillepich et al. 2017a; Nelson et al. 2017; Naiman et al. 2017; Marinacci et al. 2017) . The discrepancy with observations of galaxy sizes in the original Illustris simulation is now much improved with the TNG model, an advance that comes about due to a combination of several modifications to the galactic winds model (Pillepich et al. 2017b) . In this work we do not explore the origin of this improvement and its dependence on the physical models or resolution. Instead, we will use the good agreement between observations and TNG100 as a basis for a study of galaxy size evolution in this simulation as an 'effective', and close to realistic, cosmological model. The paper is organized as follows. In Section 2 we provide 2 www.tng-project.org a brief description of the simulation and numerical methods used in the analysis. In Section 3 we present basic size relations in the simulation and a comparison to observations. In Section 4 we study evolution trends of simulated galaxies. In Section 5 we discuss our results and in Section 6 summarize them and conclude.
METHODS

The Simulation
TNG100 (Springel et al. 2017; Pillepich et al. 2017a; Nelson et al. 2017; Naiman et al. 2017; Marinacci et al. 2017 ) is built and improves upon the Illustris simulation, and uses the same (∼ 110 Mpc) 3 cosmological box (converted to Planck cosmology) at essentially the same resolution (≈ 1.4×10
6 M baryonic). The simulation is evolved using the AREPO code (Springel 2010) and follows self-gravity, magnetohydrodynamics, radiative cooling, star-formation, and an updated set of sub-grid physics models for stellar evolution, black hole growth, and stellar and AGN feedback (Weinberger et al. 2017a; Pillepich et al. 2017b) .
We developed the fiducial physical model used to evolve TNG100 with the help of a series of tuning tests on smaller cosmological boxes, with the goal of roughly reproducing several galaxy scaling relations. In this tuning process, the only aspect of galaxy size we considered was the z = 0 overall size-mass relation, and the comparison did not take into account important factors that are discussed below in Section 3 for a proper comparison between simulation and observation, and has therefore been approximate. Further, the tuning process did not involve any actual parameter value choice that was motivated by the galaxy sizes. Rather, the sizes emerged as different from the original Illustris simulation as a consequence of a combination of various new components of the model (for details, see Pillepich et al. 2017b) . Consequently, the rich phenomenology presented here, where galaxy size is compared against mass, redshift and star-formation activity, and the evolutionary tracks of individual galaxies over time, are emergent rather than imposed.
Analysis
A simulated 'galaxy' for the purposes of this study is a SUBFIND halo (Springel et al. 2001) , each of which is tagged as a 'central' or a 'satellite' 3 . Individual galaxies are followed backwards through cosmic time along their 'main progenitor branch' in the 'baryonic' version of the SUBLINK merger trees . Some galaxies tagged as a 'central' at z = 0 may have regardless been identified as a 'satellite' at an earlier time. Those are, for example, 'splashback' galaxies. We generally include all these types of galaxies in our analysis except where specifically noted otherwise. In Section 4, however, we exclude galaxies that experienced a significant SUBFIND-related 'switch' where its massive envelope has been temporarily assigned to another galaxy (Behroozi et al. 2015; Rodriguez-Gomez et al. 2015) . We do this crudely by discarding galaxies that experience a > 0.5 dex stellar mass drop between two adjacent snapshots, which we have verified to indeed remove galaxies with unphysical jumps along these tracks. This removal affects the evolutionary tracks we present in any visually discernible way only at the very massive end, and in a mild way that is inconsequential for our results.
We only discuss in this work the sizes of the stellar component of galaxies rather than their gas or dark matter. For each galaxy we calculate the three-dimensional half-mass radius, R * ,3D, based on the evolved (namely including burning stars and stellar remnants) masses of all the stellar particles assigned to the galaxy (i.e. gravitationally bound to the subhalo as determined by SUBFIND). In addition, we calculate two-dimensional half-light radii in the r-band, Rr,2D, by projecting the simulation box along a random direction with respect to the orientation of each individual galaxy 4 . The rband stellar luminosities are calculated as in Vogelsberger et al. (2013) .
We use two definitions for the stellar mass of a galaxy, one including all the stellar particles assigned to it, which is the definition used where not noted otherwise, and one including only those within 2R * ,3D of its center. The mean ratio between the former and the latter ranges between 1.25 (≈ 0.1 dex) for M * ∼ 10 9 M galaxies to 1.55 (≈ 0.2 dex) for M * ∼ 10 12 M galaxies. For the star-formation rate (SFR) of each galaxy, we use the sum of the instantaneous SFRs of all the gas cells assigned to it.
Throughout the paper, we characterize galaxies according to their specific SFR (sSFR), by either tagging them as 'mainsequence' or 'quenched' according to a prescribed cut, or by quantifying their distance from the ridge of the star-formation mainsequence, ∆SFMS. These characterizations proceed as follows.
In Section 3, the ridge of the main sequence is defined, for simplicity, as log(sSFR[ Gyr −1 ]) = −0.94, −0.85, −0.35, 0.05, 0.35 for z = 0, 0.1, 1, 2, 3, respectively. These values correspond to the mean sSFR of galaxies with 10 9 M < M * < 10 10.5 M at each of these redshifts, as described in more detail in Appendix A. Galaxies are then defined to be 'main-sequence' if their sSFR is within ±0.5 dex of this ridge (|∆SFMS| < 0.5 dex), which corresponds to ≈ 1.5σ at z = 0 and ≈ 1σ at z = 2, where σ is the difference between the median and the 16 th percentile of the sSFR distribution (Appendix A). Galaxies are defined as 'quenched' if their sSFR is at least 1 dex below that ridge (∆SFMS < −1 dex).
In Section 4, the distance of each galaxy from the mainsequence at its z 0 redshift is calculated with respect to a more elaborate, mass-dependent definition of the ridge. First, all galaxies within a stellar mass bin of width 0.1 dex around the galaxy in question are identified, and among these all that have a zero SFR are discarded. Then, galaxies in the 10% tails of the remaining sSFR distribution are discarded as well. The mean sSFR of the remaining galaxies is defined as the zero-point ∆SFMS = 0, namely serves as the reference main-sequence ridge the galaxy in question is compared with. Galaxies with M * > 10 10.5 M are treated differently in that the zero-point ∆SFMS = 0 used for them has the same sSFR value as the zero-point for M * = 10 10.5 M galaxies, since the main sequence ceases to exist around that mass.
3 RESULTS: SIZE-MASS RELATIONS AND COMPARISON TO OBSERVATIONS
Size-Mass Relations in TNG100
We begin by presenting the raw simulation results in the form of median size-mass relations based on three-dimensional half-mass sizes in Fig. 1 . Each panel focuses on one of four redshifts, and for each of them four galaxy selections are considered, as indicated in the legend. Solid curves, which represent the relations for the full galaxy population at each redshift, are repeated in all panels for reference. Here we use the mass definition that is limited to within 2R * ,3D in order to minimize mass bias between centrals and satellites due to the inclusion/exclusion of an extended stellar halo. Fig. 1 exhibits the following trends. (i) The relations are rather flat at M * 10 10.5 M , with logarithmic slopes of up to ±0.1 that become gradually more negative toward higher redshifts. (ii) At M * 10 10.5 M the relations steepen up to logarithmic slopes of ≈ 0.7. (iii) At any given mass and for all galaxy selections, galaxies at higher redshifts are smaller than at lower redshifts. (iv) At all redshifts and masses (except M * 10 9.2 M at z = 0) mainsequence galaxies are larger (in the median) than quenched ones, and this difference is largest around M * ∼ 10 10 M . (v) There is little size difference between central and satellite quenched galaxies, as exemplified by the relations shown for central quenched galaxies (circles) and the total quenched population (long dashed) 5 . Central quenched galaxies, however, do not cover the full range in stellar mass: at z 1 central quenched galaxies exist only at high masses, above where the slope of the relation breaks from flat to steep. Hence, the increasingly negative slope shown by M * 10 10.5 M quenched galaxies at higher redshifts represents a satellite population. (vi) Main-sequence galaxies at z = 3 behave differently from those at lower redshift in that they exhibit an increasingly negative slope towards higher masses that does not bend upwards even at the highest masses. These trends are discussed in relation to observations in the remainder of this section, and in relation to median evolutionary tracks of individual galaxies in Section 4.
Comparison of Size-Mass Relations to Observations
Caveats
Before proceeding to a comparison of the simulated size-mass relations with observations, we consider the plethora of systematic factors that have the potential to bias such a comparison. In order to make a reasonably fair comparison, we first make sure to use the same definition of galaxy size from the simulation as in the observations to which we compare: circularized projected half-light sizes, Rr,2D. In particular, we compare the sizes that contain half the optical light in the r-band rather than half the mass; that are twodimensional (namely, based on projections along a random line of sight); and are circularized (namely, averaged between the extents along different directions on the observed plane).
There are, however, further factors for which we do not make an exact even handed comparison. (i) In terms of sample selection, we separate galaxies into 'main-sequence' and 'quenched' using the (redshift-dependent) sSFR limits described in Section 2.2, Figure 1 . Median size-mass relations in TNG100 based on threedimensional half-mass sizes at redshifts of z = 0, 1, 2, 3. Quenched galaxies (long-dashed), in the median, are always smaller than main-sequence galaxies (short-dashed), except at z = 0 at M * ∼ 10 9 M . The difference is most pronounced, ∼ 0.2 dex, at intermediate masses, around M * ∼ 10 10 M . When quenched central galaxies are considered alone (circles), their median size matches that of the total quenched population very well in the regime of overlap, namely above a certain (redshiftdependent) mass limit where central quenched galaxies exist in the simulation. Data is shown only for bins containing more than ten galaxies.
while the observations we compare to are based on either a selection in color-color space, or morphological selections. We estimate this uncertainty to account for potential systematics of ∼ 0.1 dex in size, as this is roughly the difference between observational studies making these different selections, as well as roughly the maximum variation of size we obtain from the simulation by applying various reasonable sSFR cuts (see below). (ii) In terms of the definition of the 'total' galaxy light used for calculating its half-light size, we use the total bound light assigned by SUBFIND, which for central galaxies can include light all the way to the virial radius, while observationally the total light is based on integration to large distances of profiles fitted to the high surface brightness inner parts. The accuracy of this comparison depends on the ability of the observed profile fits to capture correctly the actual full stellar light out to large distances. It is possible that observations underestimate the true, total bound light as predicted from the simulations, particularly compared with single-Sersic fits of close-to-exponential inner density profiles, which drop sharply and might miss an extended low surface brightness component. (iii) In terms of emission and absorption sources, measurements in different bands can result in different sizes, as they weight the stellar populations differently. For the simulation we use the age and metallicity of the stellar particles to produce mock rest-frame r-band luminosity, and do not consider the effects of dust on the apparent size of galaxies. For the measurements, there exist systematic differences depending on the exact band that is used, and we apply empirically-derived corrections to convert them uniformly to the rest-frame r-band (Kelvin et al. 2012; Szomoru et al. 2013; van der Wel et al. 2014) , as described below. (iv) In terms of the stellar mass assigned to each galaxy, we use the bound mass assigned by SUBFIND, while observationally it is determined using the aforementioned profile fits to the light profiles and a conversion to stellar mass using model massto-light (M/L) ratios. Fortunately, the profile fitting component of this systematic uncertainty on the mass is quite degenerate with the profile fitting systematic uncertainty on the size, since the fitted profile would under/over-estimate the mass and the size in concert, leaving the size-mass relation minimally changed (Bernardi et al. 2014) . However, the uncertainty related to M/L ratios is still significant and hence stellar mass systematics may be present in our comparison probably up to ≈ 0.5 dex (Conroy et al. 2009 (Conroy et al. , 2010 Bernardi et al. 2017 ), which we consider to be the main source of systematic uncertainty. In addition to the systematic uncertainty associated with the mass, also a statistical error is expected as an unavoidable aspect of stellar population modeling, the possible effects of which we demonstrate quantitatively below.
Observational Data Sets for Comparison
We consider three observed size-mass relations from the literature for comparison with our simulation results. The main differences between these observational studies are as follows. (2014) perform two-dimensional fits to the whole galaxy image, while Shen et al. (2003) perform one-dimensional fits on azimuthally averaged annuli. This is shown by Bernardi et al. (2014) to be responsible for their steeper slopes at high masses with respect to Shen et al. (2003) . (iii) The Shen et al. (2003) and Bernardi et al. (2014) measurements are based on z ∼ 0.1 galaxies from the SDSS survey, while the ones from van der Wel et al. (2014) are based on the CANDELS survey at z ∼ 0.25, which we extrapolate to z = 0.1 using R ∝ H(z) β H with the mass-dependent βH values provided in their Table 2 , where H(z) is the Hubble rate 6 . (iv) The Shen et al. (2003) and Bernardi et al. (2014) measurements are made directly in the SDSS r-band, while the ones from van der Wel et al. (2014) are made in the Hubble Space Telescope Wide Field Camera 3 (WFC3) F125W filter, centered on an observedframe wavelength of 1.25 µm. van der Wel et al. (2014) report these sizes after their conversion to rest-frame 500 nm using the gradient ∆ logR/∆ logλ they directly measure between the F814W (814 nm) and F125W filters, and we further convert them using their Equation 1 back to a somewhat longer wavelength, namely to the center of the r-band at rest-frame 623 nm, in order to match the SDSS-based studies. (v) Most probably the principal reason for the systematic difference between Shen et al. (2003) and Bernardi et al. (2014 ) versus van der Wel et al. (2014 , besides possible systematics on the stellar mass, is that Shen et al. (2003) and Bernardi et al. (2014) For each of these two size definitions, relations using two mass definitions are shown: full mass and mass within 2R * ,3D (colored curves). In addition, a relation using r-band projected sizes with the full mass (as in the right-most thick curves) is shown in concert with the effect of mock 0.25 dex observational uncertainty on the mass (thin black). Simulation data are shown only for bins containing more than ten galaxies. Bernardi et al. 2014) , whereas van der Wel et al. (2014) separate the full population based on UVJ color-color selection into 'starforming' and 'passive' galaxies.
Comparison Discussion
In Fig. 2 we compare these observational data to the z = 0.1 median Rr,2D-mass relation in TNG100 (thick solid). To illustrate the simulation-side aspect of the systematic uncertainty on mass (see Pillepich et al. (2017a) for an extended discussion), we present curves for both mass definitions, namely for the full bound mass, which we consider the more appropriate comparison to the observational data, as well as for the mass enclosed within 2R * ,3D (smaller mass values). To demonstrate the possible effects of statistical uncertainties on observed masses, we also show the sizemass relation that results after adding a random Gaussian component to the simulated masses with a width of 0.25 dex (thin solid black). We find that the agreement with observations is good overall, with nominal size differences in the range ≈ 0 − 0.2 dex, which are generally within the uncertainties. Several regimes are noteworthy. (i) The relations for both main-sequence and quenched galaxies have a break in the simulation at M * ≈ 10 10.5 M , while the observations, which also show an increasing slope at higher masses, indicate a more gradual trend. However, once reasonable statistical errors in the mass measurements are considered (black), the break in the simulated relations becomes significantly less sharp and is in better agreement with the observations. (ii) The agreement for main-sequence galaxies at M * 10 10.5 M is remarkable, but at larger masses the simulation produces galaxies that appear somewhat larger than observed. This discrepancy is again very significantly reduced once statistical errors on mass measurement are considered. (iii) Both observations and TNG100 show an almost entirely flat size-mass relation for quenched galaxies with M * 10 10.5 M , however the simulated galaxies are ≈ 0.1 dex larger. (iv) The agreement is excellent for quenched galaxies around a stellar mass of 10 10.5 M , but the most massive galaxies, with M * 10 11 M , are somewhat larger in TNG100 than observed.
Beyond the median Rr,2D-mass relations, two additional aspects of the simulation data are presented in Fig. 2 . First, the relations based on the full bound mass include also error bars, which represent the 16 th − 84 th percentile widths of the size distributions at a given stellar mass. The simulated widths are compared on the figure to the observed widths provided as a function of mass by van der Wel et al. (2014) , who however estimate that the intrinsic widths are ∼ 50% smaller than the observed ones for late-type galaxies and smaller by a factor of ∼ 2 for early-type galaxies. Given these corrections, the simulated widths appear to be somewhat larger than the observationally-inferred intrinsic widths. Nevertheless, they are 0.2 dex, which compares favourably to the robust (model-independent) conclusion quoted by van der Wel et al. (2014) . In addition, we find that the distribution widths of earlytype galaxies are smaller than those of late-types, as inferred observationally as well. We caution, however, that the widths may be more sensitive than the medians to the population selection. We do not consider these widths further in this work, but conclude with this basic comparison that they show a reasonable agreement. Second, simulated relations based on the intrinsic size R * ,3D are shown (dashed) for comparison to the Rr,2D-mass relations. At M * 10 10.5 M they are quite similar, but this is fortuitous, as two effects roughly cancel out. On one hand, projected sizes are smaller than three-dimensional ones, and on the other hand, r- band sizes are larger than mass-based ones. For M * 10 10.5 M , however, there exist more significant differences, at the level of ≈ 0.2 dex, stemming from smaller mass-versus-light size differences, which do not cancel out with the significant projection effect on the size measurement. Evidently, a proper comparison to observations must take these simple considerations into account.
In Fig. 3 we compare median size-mass relations at z = 1 and z = 2 between TNG100 and the observations of van der Wel et al. (2014) . To derive the latter, we average (in log-space) between the nearest redshift bins reported there. The degree of quantitative agreement and general trends at z = 1 are very similar to those at z = 0, for both galaxy types, with the exception of low-mass main-sequence galaxies, where the simulated relation is considerably flatter than observed. This is even more so the case at z = 2, where the simulated relation for main-sequence galaxies is even slightly negative, while the observed one has a positive slope of d logR/d logM ≈ 0.15. It is worth noting though that also in the observations themselves this z ∼ 2 slope is somewhat shallower than at lower redshifts. For quenched galaxies, the shape of the simulated and observed z = 2 relations is essentially identical, with the simulated one shifted towards higher masses by ≈ 0.2 dex.
The overall conclusion from Figs. 2 and 3 is that TNG100 reproduces the qualitative observed trends between size and mass and redshift, with appropriate differences between late-type and earlytype galaxies as reflected in their star-formation activity levels. In particular, quenched galaxies are smaller than main-sequence ones, galaxy sizes become larger with cosmic time, and the slope of the size-mass relation steepens with increasing mass, while it is flat or even negative for low-mass quenched galaxies. The quantitative agreement is also good, with average differences in size of ≈ 0.1 dex and maximum ones of ≈ 0.25 dex, which is mostly within the estimated systematic uncertainties. The spatial resolution of the simulation may play a role in some of these offsets, as Fig. A2 in Pillepich et al. (2017a) shows that the overall z = 0 size-mass relation with the TNG model is not fully converged, in particular at low masses, where we show here that high-redshift main-sequence galaxies as well as low-redshift quenched galaxies are larger in TNG100 than observed. There are also notable differences in the slope of the relations, where low-mass main-sequence galaxies have a relation that is too flat at high redshift (interestingly, also seen in the EAGLE simulation; Furlong et al. 2017 ), while at low redshift, high-mass galaxies of both types have relations that are too steep.
3.3 Size-Mass-SFR Fig. 4 goes into more detail on relations between size, mass and star-formation in the simulated data (which includes both centrals and satellites, as in the previous two figures). For three redshifts (z = 0, 1, 2, from top to bottom), the first three columns from the left show the size-mass plane where colors represent the mean sSFR in each position and brightness scales with galaxy number density on the plane. In the left-most column all galaxies are included, while the next two columns break the full galaxy populations into star-forming and quiescent galaxies, with the cuts on sSFR (indicated on the color bar on the left) applied at 0.5 dex below the 'main-sequence ridges' defined above, namely at ∆SFMS = −0.5 dex. Note that this selection differs from the 'main-sequence' versus 'quenched' galaxy selection used so far, as here the combination of the second and third columns includes all galaxies. Overlaid are size-mass relations using R * ,3D and the full stellar mass. The blue and red curves are identical to the curves with the same size and mass definitions in Figs. 2 and 3 (except replacing z = 0.1 with z = 0), while the pink curves use the same definitions, but a different selection, including all galaxies with ∆SFMS < −0.5 dex rather than with ∆SFMS < −1 dex, as does the red curve. The differences between the red and pink curves give a sense for the sensitivity of the results to selection effects 7 . In the fourth column, the same galaxy population is shown as in the third column, but with color representing the mean stellar formation time (relative to the Big Bang) rather than the instantaneous sSFR. Fig. 4 is inspired by Fig. 1 in Whitaker et al. (2017) and shows very similar trends to the observations from the 3D-HST survey presented there. The full galaxy population (left column) shows a strong and continuous trend of decreasing sSFR with decreasing size, at a given stellar mass in the range 10 10−11 M . However, within each of the sub-populations of quenched and (in particular) star-forming galaxies (third and second columns from the left, respectively), this trend is weaker (see also Brennan et al. 2017) . This implies that the trend for the full population is significantly driven by the changing proportions of these two sub-populations as a function of size at a given stellar mass: at smaller sizes, the proportion of quenched galaxies is larger. Quenched galaxies, in particular at low redshift, show a trend between their size and mean stellar age, such that smaller galaxies are older. This trend too is in agreement Figure 4 . The size-mass plane in TNG100 for three different redshifts (z = 0, 1, 2 from top to bottom), color-coded by the instantaneous sSFR (three left columns) or the age of the universe at the mean stellar formation time (right column). Where all galaxies are included (left), a strong trend is seen for smaller galaxies to be less star-forming. When two sub-populations are considered separately, this trend is absent for star-forming galaxies (second from left) and weaker for quenched galaxies (third from left). Quenched z = 0 galaxies show however a strong trend for smaller galaxies to have earlier stellar formation times (right). For M * 10 10 M , contours of constant sSFR run parallel to diagonal lines of constant gravitational potential (dashed), and the transition between star-forming and quenched galaxies occurs at higher values thereof at higher redshifts, as indicated in the second column from the left. Overlaid are median size-mass relations for star-forming (blue) and quenched galaxies (red/pink, see main text), the dividing line between which is indicated on the left color bar.
with observations (Williams et al. 2017) , as well as its weakening towards higher redshifts (Whitaker et al. 2012) . In contrast, Furlong et al. (2017) found no such trends of galaxy size, neither with sSFR nor with mean stellar age, for massive quenched galaxies in the EAGLE simulation. However, they did find that smaller quenched galaxies in their simulation have assembled their mass earlier, a trend we reproduce and discuss further in Section 4.
Overlaid on each panel in Fig. 4 are diagonal lines that represent constant values of the gravitational potential. The velocity values indicated next to these lines are based on the empirical relation describing galaxy velocity dispersion as a function of mass and size (van Dokkum et al. 2015) . The value corresponding to the lower line, 266 km s −1 , is adopted from van Dokkum et al. (2015) as the value where the quenched fraction is about 50% at 1.5 < z < 3. For lower redshifts, the values are scaled following Franx et al. (2008) , as galaxies at lower redshifts are found observationally to quench at lower velocity dispersions (or densities; see also Woo et al. 2015; Whitaker et al. 2017 ). This scaling leads to a value of 199 km s −1 at z = 1 and 168 km s −1 at z = 0. The latter differs to a notable degree from the value where the quenched fraction is 50% as directly found for z ∼ 0 galaxies by Bluck et al. (2016) at 125 km s −1 , which is also marked on Fig. 4 .
The simulation reproduces these observations well: contours of constant sSFR correspond roughly to constant values of velocity dispersion. Moreover, the distributions of simulated galaxies shift with redshift with a trend similar to the observed one, namely the transition to quiescence (signified by the rightmost diagonal envelope of star-forming galaxies seen in the second column, as well as by the locus of quiescent galaxies seen in the third column) moves towards lower velocity dispersions with cosmic time. In the TNG model, quenching is caused by black hole feedback in the low accretion state mode (Weinberger et al. 2017a,b; Nelson et al. 2017) , the onset of which is a prescribed function of Eddington ratio and black hole mass, and hence, through the (emergent) relation between black hole mass and velocity dispersion ('the M − σ relation'), is expected to be related to the galaxy velocity disper- Table 1 . Galaxy numbers and satellite fractions for the evolutionary tracks presented in Figs. 5 and B1. The second column for each galaxy type gives the fraction of corresponding galaxies that are satellites at z = 0, while the third column provides the fraction of galaxies that have ever been satellites in their history.
Quenched
Main-sequence sion. This may provide an explanation for the trends we see here. Namely, smaller galaxies at a given mass, which tend to have higher velocity dispersions and hence more massive black holes (which indeed is the case in the simulation, though not shown here explicitly), tend to become more quenched as these black holes impart more efficient feedback. We will return to this point in the context of galaxy evolutionary histories in Section 4.3. It is worth noting that the normalization of the dividing line between star-forming and quenched galaxies appears somewhat offset between TNG100 and 3D-HST, in that the simulation is shifted to lower velocity dispersions with respect to the observations by ≈ 0.1 dex. This may be explained in part by the possibility that black hole masses in TNG100 may be too large (Weinberger et al. 2017a; Pillepich et al. 2017b) , hence the M −σ relation in TNG100 is probably offset towards lower velocity dispersion compared to the observed relation. There could also possibly exist an offset of the σ(R, M ) relation between TNG100 and observations, a topic that is of interest for future analysis.
RESULTS: EVOLUTIONARY TRACKS
The goal of this section is to illuminate some of the trends seen in 'snapshot' relations between size, mass, and sSFR that were discussed in the previous section. This is done by following the evolution of these quantities through time in individual galaxies as they form. To focus on the emergence of the z = 0 relations, we select galaxies at z = 0 and follow their 'main progenitor' branches in the merger trees up to z = 5. While there undoubtedly exists useful information in the histories of individual galaxies (e.g. Zolotov et al. 2015) , we reserve such studies to future work, and here make use of the large statistical samples available to us in the TNG100 simulation with the specific goal of studying the median formation histories of galaxies in several galaxy samples that contain ∼ 10 − 1000 galaxies each. These samples are selected by: (i) z = 0 starformation activity, namely using a distinction between quenched and main-sequence galaxies, (ii) z = 0 stellar mass, in particular in five bins around log(M * ,z=0[ M ]) = 8.5, 9.4, 9.8, 10.8, 11.8, and in some cases (iii) z = 0 size, in particular from the upper/lower quartiles of the size distribution of some parent sample that is selected by sSFR and mass. The width of the mass bins and the number of galaxies included in each sample is provided in Table  1 .
Evolutionary Tracks of Main-Sequence versus Quenched Galaxies
Fig . 5 contrasts the median evolution histories of quenched and main-sequence galaxy populations on the size-mass plane, in various z = 0 mass bins. The highest-mass point of each evolutionary track lies by construction on the size-mass relation for either the main-sequence or the quenched z = 0 population, which are both shown as light cyan and magenta curves, respectively. The mass bins were selected in order to explore five distinct regimes, as follows. M * ,z=0 ∼ 10 8.5 M represents the mass scale where quenched galaxies are larger than main-sequence ones. M * ,z=0 ∼ 10 9.4 M is where the relations cross, and M * ,z=0 ∼ 10 10.4 M is where the distance between them is maximal. M * ,z=0 ∼ 10 10.8 M represents the largest masses where main-sequence galaxies exist, and M * ,z=0 ∼ 10 11.8 M the largest masses where galaxies exist altogether in the simulation. The colors of the tracks indicate the median value of a third quantity along them, redshift in the top row and ∆SFMS in the bottom row. Note that ∆SFMS is calculated with respect to the 'local' value of the star-formation main-sequence ridge, namely the value corresponding to the evolving median redshift and mass along each of these tracks. Fig. 5 includes both central and satellite galaxies, as we find that they show nearly identical results when examined separately. It should be noted, however, that in the two bins with the lowest mass, almost all quenched galaxies are satellites, or have been so in the past, hence there exists no relevant population of truly central quenched galaxies in the simulation in that mass range. Table 1 provides the satellite fractions in the different samples.
Before discussing Fig. 5 in depth, we point the reader to Fig. 6 , which shows mock stellar images along the evolutionary tracks of nine individual galaxies, one for each galaxy type and mass bin as in Fig. 5 . These particular galaxies were selected by eye from a parent population of ten random galaxies in each bin, such that their evolution in the size-mass-∆SFMS-redshift space most closely matches the median trends seen in Fig. 5 . Hence Fig. 6 can serve as a visual aid to interpreting Fig. 5 .
The shapes of the evolutionary tracks shown in Fig. 5 clearly depend strongly on both mass and z = 0 star-formation activity, and generally do not coincide with the z = 0 'snapshot' relations. The most striking feature is that the evolutionary tracks of main-sequence galaxies on the size-mass plane have similar shapes across all final mass values, while the past behaviour of z = 0 quenched galaxies is strongly mass-dependent, and for the most part differs from that of main-sequence galaxies. The mainsequence galaxy populations have been evolving (collectively) approximately following R ∝ M 0.15 for several orders of magnitude in mass and for at least as long as 10 Gyr. Notably, their main progenitors have always been -in the median -essentially right on the ridge of the star-formation main-sequence, as can be read from the color of the corresponding tracks in the bottom row.
Quenched galaxies, in contrast, have not always been quenched, as may indeed be expected, and the shapes of their tracks vary strongly with mass. Fig. 5 shows that quenched galaxies in most mass bins have evolution histories that are composed of two distinct phases, separated by the quenching time itself. At low masses, M * ,z=0 10 9.4 M , the first phase looks like that of main-sequence galaxies, and the second phase involves a modest degree of size growth associated with a minor degree of mass loss. This second phase essentially goes away around M * ,z=0 ∼ 10 9.4 M , where the size-mass tracks are almost indistinguishable between the two galaxy types, except a certain timing off- Figure 5 . Evolution on the size-mass plane along main-progenitor tracks of galaxy populations that contain tens to hundreds of galaxies each, and are selected with increasingly larger z = 0 masses (left to right). All values on these tracks are medians of the respective quantities, and they are color-coded by median redshift (top) or distance from the (mass-and time-dependent) star-formation main-sequence (bottom). In each panel there appears a track for galaxies that at z = 0 are quenched (thick) as well as for those that are still on the main-sequence at that time (thin; with the exception of the right-most panel that represents a mass where main-sequence galaxies do not exist). In addition, light magenta and cyan curves show the median size-mass relations for z = 0 galaxies, repeated from Fig. 4. set visible through the colors in the top row, which indicate the quenched galaxies formed earlier. At higher masses, the first phase, when the main progenitors of the z = 0 quenched galaxies were still on the main-sequence themselves, is distinguished by nearly flat evolutionary tracks, namely a nearly constant size as the mass grows by over an order of magnitude. The second phase, which occurs around when ∆SFMS drops below zero, is characterized by a sharp steepening of the evolutionary track. It however occurs at a large enough fraction of the final mass such that even with the steeper slope, quenched galaxies do not close the size gap with respect to main-sequence galaxies, a gap that was opened when the progenitors of both types were still main-sequence galaxies. Indeed only at very high masses, M * ,z=0 10 11 M , where main-sequence galaxies do not exist anymore, do galaxies quench at a small enough fraction of their final mass (see also Nelson et al. 2017) to experience a dramatic size growth in this second, quenched, steep phase of evolution.
The evolutionary tracks in Fig. 5 show that for a given final z = 0 mass and a given progenitor mass, the progenitors of quenched galaxies are smaller than those of main-sequence galaxies, and they also exist at an earlier time (compare track colors in the top row), namely quenched galaxies form earlier. This description holds also in the 'parallel tracks' evolution scenario (van Dokkum et al. 2015) , where the progenitors of quenched galaxies are smaller at a given mass simply because they reach that mass at an earlier time, when the overall galaxy population is smaller. The evolutionary tracks in TNG100 are, however, not parallel, as those of main-sequence galaxies have a positive slope and those of quenched galaxies are instead flat. We will return to the role of the earlier formation time of quenched galaxies in their size evolution in more detail in Section 4.3.
Some of these trends can be seen more explicitly in Fig. B1 in Appendix B, which presents tracks for the same galaxy samples, but with various combinations of quantities on the horizontal, vertical, and 'color' axes.
A Focus on the Evolutionary Tracks of Quenched Galaxies
In Fig. 7 we focus on quenched galaxies, and present evolutionary tracks on the size-mass plane, similarly to Fig. 5 , where one track corresponds to the median evolution of the 25% of z = 0 quenched galaxies with the largest z = 0 sizes (thick curves), and the other to the lowest quartile of quenched galaxies in terms of their z = 0 sizes (thin curves). At M * ,z=0 ∼ 10 8.5 M , the evolutionary tracks are similar until the quenching time, and what appears to determine the final size is the degree of late-time (z 0.5 in the median) size growth that occurs past quenching. At all higher masses (expect possibly the highest mass bin, where our statistical power is limited, as there are only six galaxies in each quartile), the situation is different. The evolutionary tracks are separated already at high redshift and in particular at a time when the galaxies are still on the main-sequence. Quenched galaxies that end up with larger z = 0 sizes have steeper size-mass evolutionary tracks than those that end up smaller. This holds during the time they are still mainsequence galaxies and almost until they reach their final mass. Interestingly, at intermediate masses, the quenched galaxies that end up smaller actually have steeper size-mass evolution slopes after their quenching time. In fact, after they quenched they appear to not grow in mass at all, but still grow in size by ≈ 0.15 dex. For completeness, a figure is included in Appendix C that is similar but which separates small and large main-sequence galaxies, Fig. C1 .
In Fig. 8 we further examine the evolution of quenched galaxies, separated by z = 0 size quartiles, by examining additional quantities along their median evolutionary tracks (similarly to Fig. B1 that compares quenched and main-sequence galaxies). The Figure 6 . Mock stellar light images, each 50 kpc on a side, of nine z = 0 galaxies and their main progenitors at z = 0.5, 1, 2, 3, 4, shown 'face-on', i.e. along the angular momentum vector calculated as in Genel et al. (2015) . The top four rows are main-sequence galaxies throughout their evolution, and the bottom five are quenched at z = 0. The mass bins, increasing from top to bottom for each galaxy type, correspond to the ones in Fig. 5 , and match, in order, between the main-sequence rows and the top four quenched rows. The bottom row is of high mass where only quenched galaxies exist. The green bar in each panel indicates the stellar half-mass radius R * ,3D . Figure 7 . Similar to Fig. 5 , except that only quenched galaxies are included, and the two tracks in each panel represent sub-populations thereof: the galaxies whose z = 0 sizes are in the upper quartile of the size distribution of quenched z = 0 galaxies (thick), and those whose sizes are in the lower quartile (thin). first row, showing ∆SFMS versus the fractional final mass, indicates little separation between large and small quenched galaxies in terms of the fractional mass they reach when they quench: except for the most massive galaxies, there is very little mass growth after quenching (see also Nelson et al. 2017) . The only exception is the M * ,z=0 ∼ 10 9.4 M bin, where the small galaxies show ≈ 0.2 dex mass loss after they quench. Table 1 indicates that these galaxies are completely dominated by satellites, hence we may associate this mass loss with stellar stripping. This mass loss can be seen more directly in the second row, which presents fractional mass versus redshift. It also shows that at intermediate and high masses, the smaller galaxies form earlier, at z 1, while the larger ones quench and stop growing their mass at z ∼ 0.5. At the lowest mass bin of M * ,z=0 ∼ 10 8.5 M the situation is reversed, and it is the larger galaxies that quench earlier. The origin of this difference is elucidated in the bottom two rows of Fig. 8 .
The fourth row in Fig. 8 , showing size versus ∆SFMS color-coded by redshift, demonstrates that for all galaxies with M * ,z=0 ∼ 10 9−11 M , almost the entirety of the size growth occurs at ∆SFMS > −0.5 dex, namely before quenching, on the main-sequence, for both the large and small galaxies. Hence, galaxies that quench later have more time for size growth, and are larger at z = 0. In contrast, in the lowest mass bin, the galaxies in the larger quartile experience a significant size growth also after they quench (possibly due to tidal heating, as they are essentially all satellites), hence those quenching earlier are the ones that are larger at z = 0. The third row, presenting size versus redshift color-coded by ∆SFMS, shows that at M * ,z=0 ∼ 10 9.4 M the mass drop discussed above is associated with a drop in size, which is consistent with stripping as the common origin. At M * ,z=0 ∼ 10 8.5 M , the small galaxies experience both a mild size drop and an increase, likely as a result of a competition between satellite stripping and heating. At intermediate masses, small galaxies show a slower rate of size evolution with time while their progenitors are on the mainsequence, which combines with the fact that they spend less time on it to result in an overall very small size increase during their main-sequence phase.
The Interplay between Size Growth and Quenching
Fig. 9 summarizes several aspects discussed above by showing relative size growth between quenched and main-sequence z = 0 galaxies, as a function of final mass, and separated by the quenching time. First, the size difference between these two populations at the last time they are still on the main-sequence, which is z = 0 for main-sequence galaxies and the quenching time (typically around z ∼ 1) for quenched galaxies, is shown in solid blue. Second, the degree of size growth after quenching, which is relevant only for quenched galaxies, is shown in red. Finally, their sum, which by construction represents the size difference between the two populations at z = 0, is shown in black. The threshold dividing the growth 'on' and 'below' the main-sequence here is ∆SFMS ≶ −0.5 dex. At M * 10 9 M , the two galaxy types have very similar sizes at the end of their time on the main-sequence (solid blue), but quenched galaxies have larger z = 0 sizes (black), because they experience further growth after being quenched (red). This quenchedphase growth diminishes with increasing mass, until at M * = 10 9.5 M the two galaxy types have equal sizes. Considering the most massive scale, where there are no main-sequence galaxies, quenched galaxies show a degree of quenched-phase size growth that rapidly rises with mass, reaching almost a full order of magnitude of size growth for M * 10 12 M galaxies. This quenchedphase size growth starts to rise around M * ∼ 10 10.75−11 M , the scale of the most massive main-sequence galaxies, below which the quenched-phase growth is roughly constant at ≈ 0.05 dex. The main trend at intermediate masses, M * ∼ 10 9.5−10.75 M , is that more massive quenched galaxies are progressively smaller at z = 0 than their main-sequence counterparts (black), due to their diverging degrees of growth while on the main-sequence (blue).
Quenched galaxies leave the main-sequence at an earlier time than z = 0, and do so nearly at their final mass (Fig. B1 , second row). It is therefore worth asking whether their lesser degree of size growth while on the main-sequence, as quantified in Fig. 9 , is merely a result of them spending less time on it, or leaving it when the universe was denser, with respect to their z = 0 mainsequence counterparts. The flat size-mass evolution of quenched Fig. B1 , except that only quenched galaxies are included, and the two tracks in each panel represent sub-populations thereof: the galaxies whose z = 0 sizes are in the upper quartile of the size distribution of quenched z = 0 galaxies (thick), and those whose sizes are in the lower quartile (thin). It is seen that smaller quenched galaxies, compared to larger ones, form their mass, as well as quench, earlier in time the farthest their final mass is from ∼ 10 9 M (third and fourth rows), and indeed they all quenched very close to their final mass, with the exception of very massive systems that quench already at about a tenth of their final mass (second row). They do not, however, simply form in the same way but at earlier time, as they reach their final size at a smaller fraction of their final mass (first row). Except for the most massive galaxies, most of the size growth, for both the larger and the smaller quenched galaxies, occurs while they are on the main sequence (third and fourth rows).
galaxies seen in Fig. 5 , as well as their flat size-redshift evolution seen in Fig. B1 , suggest otherwise, namely that the main progenitors of z = 0 quenched galaxies show a particularly slow size evolution even when they are still on the main-sequence. To confirm this explicitly, we begin by introducing an additional curve in Fig. 9 (dashed blue) , which shows the median size of all mainsequence galaxies selected at the redshift and mass at which the median progenitors of z = 0 quenched galaxies drop below the main-sequence, relative to the median size of z = 0 main-sequence galaxies. It is found that at the time and mass at which the progenitors of z = 0 quenched galaxies undergo quenching, the general population of main-sequence galaxies is indeed smaller than a parallel population at z = 0. In this sense, the fact that the growth of z = 0 quenched galaxies is arrested prior to the present epoch indeed contributes to them having a smaller size at z = 0. However, the size of this general population is not as small as those progenitors themselves at the time they quench (solid blue). Hence, a second contribution to the small sizes of z = 0 quenched galaxies comes from them being smaller than the typical main-sequence galaxy already at the z > 0 time in which they became quenched. growth on the main-sequence (quenched vs SFing) growth after quenching (quenched only) final size difference (quenched vs SFing) Figure 9 . The relative size growth between quenched and main-sequence z = 0 galaxies, separated by the time they spend on the main-sequence (with ∆SFMS > −0.5 dex; solid blue), the growth after quenching (with ∆SFMS < −0.5 dex, relevant only for quenched galaxies; red), and their sum (black). At low mass, the size growth on the main sequence is very similar whether galaxies end up at z = 0 as main-sequence or quenched, but a significant gap opens towards higher masses, where z = 0 quenched galaxies grow significantly less while still on the main-sequence. This difference is partly because at their quenching time, the general population of main-sequence galaxies is smaller than main-sequence galaxies of the same mass at z = 0 (dashed blue), however in addition they are smaller than that general population (the difference between solid and dashed blue). In the quenched phase, there is very little size growth for intermediate-mass galaxies, but it is significant at both low, and in particular high, masses.
and quenched galaxies have different shapes of their mass formation histories in that quenched galaxies form their mass earlier.
Here, the colors on each track indicate the median galaxy size at that point on the track, and it is also indicated whether the median sSFR still lies within the main-sequence (∆SFMS > −0.5 dex; dotted), or already below it (∆SFMS < −0.5 dex; dashed). In addition, the background colors show the median size of the full (redshift-and mass-dependent) main-sequence galaxy population. The color on most tracks in their main-sequence phase (dotted) lies close to the background color, indicating that the main-sequence main progenitors of z = 0 galaxies have representative sizes of the full main-sequence populations at the progenitors' mass and redshift. At low masses, the mass and redshift dependences of the sizes of the underlying population are not strong, hence the colors along the progenitor tracks of main-sequence and quenched galaxies are similar too, in spite of the differences that exist in the shape of those tracks. Important exceptions are, however, the tracks on Fig. 10 of galaxies with z = 0 masses around 10 10.4 M . We remind the reader that this is the mass scale that shows the maximum difference between the size-mass evolutionary tracks of main-sequence and quenched galaxies (see Fig. 5 ). For these galaxies, the progenitor sizes are biased with respect to the overall population of mainsequence galaxies at their respective redshifts and masses. The progenitors of main-sequence galaxies (left) are somewhat biased high in size, and even more so, the progenitors of quenched galaxies (right) are biased low. This means that the widely different sizemass tracks seen in Fig. 5 for this mass range are not solely a result of the different mass formation histories, namely that the progenitors of quenched galaxies at a given mass exist at a higher redshift and are hence naturally smaller. In addition to that, the sizes of the progenitors are biased with respect to the underlying populations in a way that bolsters the differences in the same direction.
To summarize what is seen in Fig. 10 , the sizes of the progenitors of galaxies selected with the same z = 0 masses (around 10 10.4 M ) are smaller for quenched galaxies, at a given progenitor mass, due to the combination of two factors. First, because those progenitors lie at a higher redshift than the progenitors of the same mass of main-sequence galaxies. Second, because the progenitors of quenched galaxies are smaller than the overall population of galaxies at their mass and redshift, while the progenitors of main-sequence galaxies are larger than their corresponding parent population.
What might be the origin of this phenomenon? The implication for the locations on Fig. 10 where the colors of the tracks differ from the background color is that galaxies at those particular redshifts and masses 'know' about some property of their z = 0 descendants, and differentiate in size accordingly already at that high redshift. The question opening this paragraph can then be further specified as: what might such properties be, and what might be the physical mechanism for this 'knowledge'? To answer this, we select as a concrete example galaxies with M * ≈ 10 10 M at z = 1.5, which is a regime where both smaller-than-background quenched tracks and larger-than-background main-sequence tracks exist in Fig. 10 . In other words, the progenitor evolutionary tracks that intersect z = 1.5 and M * ≈ 10 10 M and are larger than their 'background' are those that end up at z = 0 as main-sequence M * ≈ 10 10.8 M galaxies, while the ones smaller than their 'background' end up at z = 0 as quenched M * ≈ 10 10.3 M galaxies. In Fig. 11 we reverse the order in which we have followed the merger trees so far, and examine the sizes of all z = 1.5, M * ≈ 10 10 M main-sequence galaxies 8 in relation to the starformation activity of their z = 0 descendants. Fig. 11 shows that those galaxies that end up quenched at z = 0 tend to have smaller z = 1.5 sizes than those with main-sequence descendants, by ≈ 0.15 dex. This is a significant difference compared with the size differences seen along the tracks of intermediate-mass galaxies in Fig. 5 . In other words, z = 1.5 galaxies differentiate in size according to whether they end up quenched or on the main-sequence at z = 0.
One can speculate that it is the high-redshift size that affects the descendant star-formation activity, rather than some form of 'knowledge' that high-redshift galaxies have on their descendant properties that affects their sizes. This may be driven by quenching mechanisms that operate more strongly for galaxies with smaller size, thereby causing the galaxies in which they operate to quench their star-formation and tend to have quenched z = 0 descendants. A prime suspect for such a mechanism in the TNG100 simulation is black hole feedback; if smaller galaxies (those with higher velocity dispersions at a given mass) harbor more massive black holes (a) z = 0 main-sequence galaxies (b) z = 0 quenched galaxies Figure 10 . Median evolutionary tracks on the mass-redshift plane of main-sequence (left) and quenched (right) galaxy populations selected with various z = 0 masses. The colors on each track indicate the median galaxy size at the given redshift, as indicated by the color bar. Each track is also marked with a dotted line where the median ∆SFMS > −0.5 dex, and dashed line where the population is already quenched, ∆SFMS < −0.5 dex. The background colors show the median size of the full, main-sequence galaxy population at each mass and redshift. Where the progenitors are on the main-sequence (dotted), the colors of the tracks deviate significantly from the background colors only for tracks with M * ,z=0 ∼ 10 10.4±0.3 M , both for the progenitors of main-sequence (left) and quenched (right) z = 0 galaxies. This indicates that the progenitors of galaxies with this mass -corresponding exactly to where the z = 0 size difference is maximal -have biased sizes with respect to the overall main-sequence galaxy population at their corresponding mass and redshift.
(as suggested by observations, and as shown explicitly in our forthcoming work; Chang et al. 2017; Krajnović et al. 2017; Habouzit et al. in prep.) , black hole feedback may be more efficient in galaxies with smaller sizes at suppressing star-formation. This scenario is consistent with the finding that the progenitor tracks in Fig. 10 that deviate significantly from the background are only those of galaxies with a final mass around M * ≈ 10 10.5 M . At smaller masses, black hole feedback is less consequential for star-formation and does not lead to quenching. At larger masses, black hole feedback becomes effective for essentially all galaxies, such that small galaxies are not as distinct from the overall population in terms of their future quenching.
DISCUSSION
Since it was established that quenched galaxy populations were much more compact at high redshift than they are today , and in particular that the quenched size-mass relation evolves with redshift more rapidly than the star-forming size-mass relation, it has been argued that individual quenched galaxies must undergo significant size growth (Faisst et al. 2017) , and various physical mechanisms have been proposed as the drivers of this evolution, with a particular emphasis on the role of dry minor mergers (Naab et al. 2009; Hopkins et al. 2010) . However, an alternative scenario -'progenitor bias' -has also been proposed, where the size evolution of the quenched population can be achieved without the growth of individual quenched galaxies.
Instead, given that quenched galaxies at a given mass are observed to be smaller than star-forming ones, the quenched population size growth can be achieved merely by the continuous addition of larger star-forming galaxies as more and more of them quench over time (van Dokkum & Franx 2001; Carollo et al. 2013) .
The picture that emerges from the study presented here is that individual quenched galaxies do indeed grow in size over cosmic time, but as a population they do so at a rate that does not differ very substantially from individual main-sequence galaxies for most of cosmic time. This conclusion was also reached by Furlong et al. (2017) based on the EAGLE simulation. Further, we show that as quenched galaxies grow their mass significantly earlier than main-sequence ones (as indeed also found in the EAGLE simulation; Clauwens et al. 2016) , the respective evolutionary tracks on the size-mass plane differ considerably. At early times, when the progenitors of present-day quenched galaxies are still on the starformation main-sequence, they grow a large fraction of their mass, but since this occurs over a relatively short fraction of the age of the universe, the size growth is mild, resulting in a shallow evolution on the size-mass plane. This is the pre-quenching phase. After quenching, in contrast, the mass growth slows down significantly (except for the most massive galaxies, which are discussed below), but the size growth continues over time, resulting in steep post-quenching size-mass evolutionary tracks.
van Dokkum et al. (2015) used observed data to develop and test a similar scenario for the size evolution of the population of star-forming galaxies at high redshift. They inferred that as populations, star-forming galaxies at 1.5 < z < 3, both 'extended' . Size probability distribution functions for main-sequence z = 1.5 galaxies in a narrow mass bin around 10 10 M , separated according to whether their z = 0 descendants are quenched (red) or on the mainsequence (blue). A clear correlation exists (with a p-value of 2.8 × 10 −5 in the Kolmogorov-Smirnov test) such that smaller z = 1.5 main-sequence galaxies are more likely to have quenched z = 0 descendants than their larger counterparts. This is corroborated by the green curve that describes the fraction of quenched z = 0 descendants as a function of z = 1.5 galaxy size.
and 'compact', evolve on the size-mass plane in 'parallel tracks' according to r ∝ M 0.3 , and after they quench they experience steeper evolutionary tracks. Our results share with van Dokkum et al. (2015) the common framework of two phases of evolution on the size-mass plane, pre-and post-quenching, but differ in the nature of the evolution in the pre-quenching phase. We find that the evolutionary tracks of quenched versus main-sequence galaxies, as well as of quenched (or main-sequence) galaxies of different sizes, are not parallel on the size-mass plane. Instead, the z = 0 size difference between different populations (either selected by starformation activity or size itself) tends to decrease as their progenitors are followed backwards in time 9 , until at very high redshift the size-mass tracks almost converge. In other words, quenched galaxies, as well as smaller sized galaxies in general, evolve on shallower tracks than main-sequence galaxies, or larger sized galaxies in general. These quenched/small galaxies also form earlier than their main-sequence/large counterparts. Hence, their progenitors, which start at a similar location on the size-mass plane at high redshift, grow rapidly in mass at early times while not evolving much in size. These two phenomena may be related through a high degree of gas dissipation. Galaxies that grow in mass more gradually tend to grow concurrently in size as well, more in line with a standard 'inside-out' growth scenario (Mo et al. 1998 ). Lilly & Carollo (2016) propose a possible explanation for the correlation between star-formation activity and size, and negative correlation between stellar age and size, that dismisses the need for a causal relation between the two through a physical mechanism, via the progenitor bias scenario. Our finding that smaller quenched galaxies have earlier formation histories, implying they have quenched earlier in time and with a smaller size, is a manifestation of progenitor bias. We indeed find that what determines the size difference between small and large quenched galaxies (except possibly at masses significantly above 10 11 M ) is not their post-quenching size growth but their size growth on the mainsequence. Galaxies that grow their mass later also grow to larger sizes while on the main sequence, quench later, and end up at the upper end of the quenched galaxy size distribution. Nevertheless, in TNG100 signatures of the progenitor bias scenario do not tell the full story, as the size evolution of quenched versus mainsequence galaxy populations differ already when they are on the star-formation main-sequence, in that the main-sequence progenitors of quenched galaxies are smaller than other main-sequence galaxies at similar mass and redshift, as shown in Fig. 10 . This suggests, though indeed does not prove, a causal relation between compactness and quenching, which we postulate, and discuss in more detail in upcoming work, originates from black-hole feedback.
Several differences between the evolutionary tracks of galaxies in TNG100 and in the Lilly & Carollo (2016) toy model can give rise to the difference in the role that causality plays (or does not play), as well as differences in the phenomenology. For example, in contrast to Lilly & Carollo (2016) the size evolution of the mainsequence population in TNG100 does not scale as (1 + z) −1 at all masses but the evolution is stronger at higher masses, in qualitative agreement with observations. However, the quantitative agreement is not yet fully borne out in TNG100 either, as the TNG100 z = 2 size-mass relation is too flat, such that more detailed comparisons of future simulations to similar toy models will still be necessary to distinguish these scenarios with certainty.
Turning to the most massive galaxies in the present day universe, Hill et al. (2017) used the evolving cumulative number density technique (Behroozi et al. 2013 ) to infer past evolutionary tracks of the progenitors of today's extremely massive galaxies of M * ≈ 10 11.5 M . The picture they develop has both similarities and differences to the one we find in TNG100. In common with our results, they find that the evolutionary tracks of individual galaxies are steeper on the size-mass plane than the 'snapshot' relation at z = 0, and that the mass and size growth of galaxies of this mass undergoes a transition around z ∼ 1.5 from being dominated by in-situ star-formation to being dominated by dry mergers. In contrast, they however infer significant size evolution of the progenitors of those massive galaxies also during the pre-quenching period, with only a mild steepening of the slope of the size-mass evolutionary track. This difference may stem from a true difference in the evolution of very massive galaxies between the real Universe and TNG100, from limitations of cumulative number density techniques in capturing the correct progenitors (Torrey et al. 2015; Wellons & Torrey 2017; Torrey et al. 2017 , but see Clauwens et al. 2017 , or from other possible observational biases discussed in Hill et al. (2017) .
The most massive galaxies we consider quench on average with a stellar mass of ∼ 10 11 M (Fig. B1) and from then on grow in size by ∼ 1.5 dex by z = 0, when they reach their final mass of 10 11.8 M . This is roughly consistent with r ∝ M 2 as expected from growth by minor dry mergers (Naab et al. 2009; van Dokkum et al. 2010; Hilz et al. 2013) . However, we find that while less massive galaxies have a smaller post-quenching size and mass growth than the most massive galaxies, their evolutionary tracks on the size-mass plane are even steeper than r ∝ M 2 . This holds in particular for the smallest quenched galaxies (Fig. 7) . One physical process that contributes to this steeper slope is stellar mass loss from the old stellar populations that comprise these galaxies. In parallel to the growth of these galaxies by dry mergers, the stellar particles comprising them gradually return mass to the gas phase, thereby limiting the overall stellar mass growth and steepening the size-mass evolutionary track. In addition, this released mass is possibly expelled by black-hole feedback (as these galaxies remain quenched), which may induce a physical expansion of the remaining stellar mass.
At the low-mass end, we find that the slope of the size-mass relation of quenched galaxies is negative at all redshifts. While there is observational evidence for such a trend at z > 0, it seems that at z = 0 this is a discrepancy between TNG100 and the observations. As the main-sequence size-mass relation keeps a positive slope also at low masses, at the lowest mass regime we consider quenched galaxies are larger than main-sequence ones. Considering the evolutionary tracks of these galaxies, this appears to be a result of latetime, post-quenching growth of the low-mass quenched galaxies. Since these galaxies in TNG100 are essentially all ( 97%) satellites (or splashback), it can be postulated that this size growth is environmentally driven. This satellite fraction is, however, likely too high (Peng et al. 2012) , as the simulation probably misses some low-mass quenched central galaxies (Nelson et al. 2017; Springel et al. 2017) . It is left for future work to determine whether the addition of a population of central low-mass quenched galaxies in the right proportions would change the slope of the quenched low-mass population from negative to positive, as observed. Another possibility is that resolution effects play a role in the size increase of the low-mass quenched satellites (Pillepich et al. 2017b) . Future work exploring this regime using simulations with higher resolution will be telling whether this increase is numerical.
Finally, Charlton et al. (2017) recently showed evidence for a positive correlation between halo mass and galaxy size, at fixed stellar mass and color, in observations as well as in the EAGLE and Illustris simulations. This is qualitatively consistent with our finding that galaxies with smaller sizes tend to form earlier, as lower-mass halos form earlier than higher-mass ones. However, the effect they find in the simulations is dominated by satellites, and in particular, stripping of satellites, which reduces both their halo masses and galaxy sizes. Our results, however, are similar even if only central galaxies are considered. In addition, the overall correlation they find is too weak to be a significant factor in explaining our results. This can be seen by considering that the size difference between the quartiles in Fig. 7 is ∼ 0.3 dex, which translates to a ∼ 0.15 dex difference in halo mass according to Charlton et al. (2017) , corresponding to formation time differences of ∆z ∼ 0.05 (e.g. Borzyszkowski et al. 2014) . Such values are not enough to account for the significant differences in formation histories seen in Fig. 8 . In conclusion, then, it seems that the halo mass differences between small and large galaxies found by Charlton et al. (2017) are not a significant driver of the results presented here.
The scope of this work is the aggregate growth histories of galaxy populations, but a future natural extension would be to explore the diversity of evolutionary tracks of individual galaxies, and how they combine to the trends presented here. These individual tracks may be complex and 'noisy', involving major mergers, compact star-formation configurations triggered by either mergers or internal gravitational instabilities, and star-formation in extended disks, but may also reveal regularities and characteristics that can be categorized into a few main classes (e.g. Zolotov et al. 2015) . Individual evolutionary tracks may also allow deeper investigations into the nature of the physical processes that shape them.
SUMMARY
This work explores galaxy sizes in the TNG100 simulation of the IllustrisTNG project (Springel et al. 2017; Pillepich et al. 2017a; Nelson et al. 2017; Naiman et al. 2017; Marinacci et al. 2017) , which is treated as an effective model of galaxy formation. This MHD cosmological simulation of a ∼ (110 Mpc) 3 volume contains many thousands of galaxies and does not make direct assumptions about their sizes, thereby having predictive power in this regard. We find a fair match to observed size relations, and using evolutionary tracks of various galaxy types over time we provide novel scenarios for the size evolution of galaxies.
In the first part of this work, galaxy size-mass relations have been compared to observations separately for main-sequence (namely star-forming) and quenched galaxies, for stellar masses M * > 10 9 M and redshifts between z = 0 and z = 2. To minimize systematics with respect to the observations, projected circularized r-band half-light sizes, which differ from the 'intrinsic' three-dimensional half-mass sizes, have been employed for the comparison. As observed, we recover in the simulation that at fixed stellar mass, quenched galaxies are smaller than main-sequence ones and galaxy sizes become larger with cosmic time. The slope of the size-mass relation steepens with increasing galaxy mass. In particular, the simulated main-sequence galaxies have an approximately constant slope of the size-mass relation, but this slope is shallower than the observed one, and more so towards higher redshifts. The size-mass relation of quenched galaxies is very different, having a negative slope below M * ∼ 10 9.5 M , and a steep positive slope thereafter, in general agreement with observations. Across the explored parameter space, the deviations between the simulation and observations do not exceed 0.25 dex and are mostly significantly smaller than that.
This confirmation is used as a solid starting point for a study of how galaxy populations, selected at z = 0 as either main-sequence or quenched, at different masses and sizes, evolve (as an ensemble) over time, with particular emphasis on their size evolution and its relation to the evolution of mass and star-formation activity. The main results from this analysis are the following.
• Galaxy populations with low z = 0 mass (M * 10 9.5 M ) evolve on very similar tracks on the size-mass plane as long as they are on the main-sequence, whether they are still on the mainsequence at z = 0 or have quenched by then. The z = 0 quenched galaxies typically form earlier, but this hardly translates to a different size at a given progenitor mass, since the redshift evolution of the overall size-mass relation is very weak at low masses. These z = 0 quenched galaxies quench around z ∼ 1 and experience very little mass growth thereafter. They do, however, experience size growth of 0.2 dex, making them larger at z = 0 than their mainsequence counterparts. Low-mass quenched galaxies in TNG100 are almost entirely all satellites, hinting at the possible role of tidal effects in their late-time size growth.
• Galaxies at z = 0 of intermediate masses (M * ∼ 10 10.5 M ) show the largest size difference between quenched and mainsequence populations. This is in part because quenched galaxies have earlier formation histories, such that their progenitors at a given progenitor mass exist at higher redshift than those of mainsequence galaxies, and are hence naturally smaller. Consequently, they also reach their final mass earlier in time, and therefore reach it with a smaller size. This scenario alone is one of 'parallel tracks' on the size-mass plane, with earlier-forming galaxies (that are quenched by z = 0) evolving on a 'smaller', parallel track to laterforming ones. However, this is only one part of the picture, and indeed the size-mass evolutionary tracks are in fact not parallel.
• Instead, quenched and main-sequence galaxies at intermediate mass show the largest deviations also in their size evolution histories between these two types. While galaxy populations that are on the main-sequence all the way to z = 0 grow with a roughly constant slope on the size-mass plane, galaxies that end up quenched at z = 0 show two distinct phases in their size evolution, switching from one to the other around their time of quenching. Even before they quench, while they are still on the main-sequence, their size evolution differs from that of galaxies that will remain on the main-sequence down to z = 0. In this phase, their main progenitors grow by orders of magnitude in mass but with a nearly flat size-mass slope, and they have smaller sizes than the general population of main-sequence galaxies of their (evolving) mass and redshift. Hence, quenched galaxies have smaller z = 0 size not only because at fixed progenitor mass they reside at higher redshift, but also because they are smaller than their parent main-sequence populations already at those high redshifts. Indeed, the reverse is found to hold as well, namely the z = 0 descendants of smaller z > 0 galaxies are preferentially quenched. This hints either to something in their formation histories that in addition to making them earlyformers also sets their sizes to be small already at very early times, or at a causal relationship between small size and quenching, such that small galaxies have their star-formation arrested. A prime candidate for the driver of the latter scenario is AGN feedback, as will be explored more directly in upcoming work.
• After their quenching, galaxy populations of intermediate mass and above (M * 10 10.5 M ) show a phase of size growth that is characterized by a steep size evolution as a function of the growing stellar mass. Intermediate-mass galaxies grow little in mass in the quenched phase, hence also their size growth in this phase is not large. Higher mass galaxies progressively experience more mass growth in the quenched phase, and accordingly also more size growth. Interestingly, lower-mass quenched galaxies, and those that are smaller at z = 0, are actually those that show the steepest size-mass evolutionary tracks in their quenched phase. For M * ∼ 10 10−11 M galaxies, the dominant factor in their being smaller is the degree of size growth they experienced while they were still main-sequence galaxies. The size growth of the most massive galaxies, M * 10 11 M , however, occurs mostly during their quenched phase. Fig. A1 displays several statistics of the sSFR as a function of stellar mass for z = 0.1, 1, 2, 3. At M * 10 10.5 M the running median (thick solid) and spread around it (dashed) represent the main sequence of star-forming galaxies, while at higher masses the various percentiles of the distribution decrease significantly due to the increasing proportion of quenched galaxies (see Nelson et al. (2017) for a related detailed account of the color-mass diagram in TNG100). The agreement with observations is good at z = 0.1 in both normalization and slope. Note that the average slope at Figure A1 . Statistics of the sSFR as a function of stellar mass for z = 0.1, 1, 2, 3, which are used to define 'main-sequence' and 'quenched' galaxies in Section 3. For the calculation of the running median (thick solid) and 16 th − 84 th percentiles (dashed), only galaxies with a non-zero instantaneous SFR are included. When galaxies with zero SFR are included too, the 16 th percentile equals zero at large masses and low redshift. M * 10 10.5 M is ≈ (−0.1) − (−0.2) at all redshifts, in general agreement with observations (e.g. Kurczynski et al. 2016 ). This represents a mild improvement upon the original Illustris simulation, where the slope was at most −0.08 (Genel et al. 2014) . However, at z > 0 the normalization is lower than what most observations indicate, a tension that is in common to all large-volume cosmological hydrodynamical simulations (e.g. Furlong et al. 2015; Davé et al. 2017) .
APPENDIX A: THE STAR-FORMATION MAIN-SEQUENCE
Two horizontal lines for each redshift illustrate possible simple definitions for the 'ridge' of the main-sequence. (i) The mean of the sSFR for all galaxies with 10 9 M < M * < 10 10.5 M (thin solid), which is the fiducial definition we use in Section 3 to separate galaxies in 'main-sequence' and 'quenched'. (ii) The median sSFR of all galaxies with 10 9 M < M * < 10 10.5 M , including those that have SFR= 0 (dotted). This results in lower values, which if adopted do not affect however the relations presented in Section 3 by more than a few percent.
APPENDIX B: MORE DETAILED EVOLUTIONARY TRACKS OF MAIN-SEQUENCE VERSUS QUENCHED GALAXIES
To provide more quantitative and explicit details on the evolutionary tracks of main-sequence versus quenched galaxies that are presented in Fig. 5, Fig. B1 presents similar tracks, for the same galaxy samples, but with various combinations of quantities on the horizontal, vertical, and 'color' axes. The first row shows ∆SFMS versus the fractional final mass, namely the progenitor mass normalized by the z = 0 mass, color-coded by fractional final size. The tracks of main-sequence galaxies appear as horizontal lines, showing directly what could be read from the colors in the bottom row of Fig. 5 , namely that their progenitors always lie, in the median, on the main-sequence. The tracks of quenched galaxies show that with the exception of the most massive ones, quenched systems have on average very little mass growth after they have been quenched, as their ∆SFMS values only drop when they are very close to their final mass. Also, with the exception of the most massive galaxies, quenched galaxies are very close to their final size when their ∆SFMS drops, i.e. they quench. In other words, most of both the mass and size growth of quenched galaxies with M * ,z=0 10 11 M occurs while they are still on the mainsequence. The lack of mass growth after quenching can also be seen in the second row, which shows fractional final mass versus redshift, color-coded by ∆SFMS. This row also shows explicitly that quenched galaxies have earlier formation histories: their progenitors are consistently more massive at a given time than those of their main-sequence counterparts, and at all M * ,z=0 (with the exception of the most massive ones) they tend to quench and stop growing in mass around z ∼ 1. Main-sequence galaxies, in contrast, grow in mass continuously, and at z = 1 have only reached ∼ 1/3 of their final mass.
The third row in Fig. B1 , presenting size versus redshift colorcoded by ∆SFMS, shows that at M * 10 10 M the sizes of quenched and main-sequence galaxies evolve in redshift very similarly while they are on the main-sequence. At higher masses, however, the sizes of quenched galaxies evolve slower with redshift, with respect to main-sequence galaxies, in particular at high redshifts, but even after they quench. Namely, the steep size-mass evolutionary tracks of intermediate-mass quenched galaxies after their quenching time, which are seen in Fig. 5 , do not allow them to close the size gap from main-sequence galaxies, as their size evolutionary tracks as a function of redshift are in fact not steeper at all. Only at M * ,z=0 10 11 M , where no main-sequence galaxies exist, the progenitors of quenched galaxies experience a rapid size growth, which occurs after they have been quenched. Earlier than that, their size hardly evolves with redshift. Finally, in the fourth row of Fig. B1 , which shows size versus ∆SFMS color-coded by redshift, main-sequence galaxies appear as vertical lines, indicating a gradual size growth on the main-sequence, and quenched galaxies are seen to experience some size growth while on the main-sequence, too. In fact, it can be seen directly that at M * ,z=0 10 11 M , most of the size growth of quenched galaxies occurs on the main sequence (where ∆SFMS −0.5 dex), rather than in their quenched phase. Only more massive galaxies experience most of their size growth below the main-sequence at ∆SFMS < −0.5 dex. Fig. C1 is similar to Fig. 7 , namely with selections in the upper and lower quartiles in terms of z = 0 size, but for main-sequence galaxies. It shows that the median evolution of these two selections of main-sequence galaxies separates already at high redshift, and they both lie consistently on the main-sequence, but evolve with different slopes of the size-mass plane. Figure B1 . Similar to Fig. 5 , namely main-progenitor evolutionary tracks of galaxy populations selected with increasingly larger z = 0 masses (left to right), where in each panel (except the right-most ones) there appears a track for quenched galaxies (thick curve) and a track for main-sequence galaxies (thin curve). Here, each row presents a different combination of quantities on the vertical and horizontal axes as well as for the color coding that are the same as in Fig. 8 (where they are shown for quenched galaxies separated by their final size). Here it is seen that quenched galaxies, compared to main-sequence ones, reach their final size at a larger fraction of their final mass (first row), form their mass earlier in time (second row), and have flatter size growth rates (except at the highest masses, where no main-sequence galaxies exist; third row). The degree to which quenched galaxies grow their mass before versus after they become quenched is strongly mass dependent (fourth row and Fig. 9 ). Figure C1 . Similar to Fig. 7 , only for main-sequence galaxies rather than quenched ones.
APPENDIX C: EVOLUTIONARY TRACKS OF SMALL AND LARGE MAIN-SEQUENCE GALAXIES
